There is evidence that Nothofagus nervosa (= N. alpina) is suitable for timber production in temperate regions due to its wood quality and fast growth.
Introduction
The aerial structure or architecture of plants would have evolved in response to different selective pressures. A classical example of the adaptive importance of plant architecture is provided by the competitive advantage of height growth in crowded and/or understory populations (e.g., Aiba and Nakashizuka 2007) . In the case of trees, the differentiation between a vertical axis (the trunk) and its lateral derivations (trunk branches) would be a characteristic favored by natural selection in crowded populations (King 1981 (King , 1998 as well as by artificial selection in forestries where the production of long and straight logs is prioritized. Those architectures in which trunk and branches are clearly differentiated from each other have been described as strongly hierarchical, as opposed to those in which all axes are alike (Edelin 1991; Ishii et al. 2007; Normand et al. 2009 ). There is no general agreement about the way of evaluating the degree of hierarchical strength of tree architecture; computing the ratio between a measure of trunk size (e.g., length and diameter) and an equivalent measure of its branches proved useful in this regards (Valladares and Niinemets 2007; Puntieri and Ghirardi 2010) .
Whether a tree develops or not a strongly hierarchical architecture at an early developmental stage depends largely upon genetic (including ontogenetic) factors, as comprehensively described by F. Hallé and his co-workers (Hallé et al. 1978; Barthélémy and Caraglio 2007) . Intra-specific architectural variations in trees due to environmental and genetic factors have been acknowledged and may be studied experimentally by comparing plants of known geographical and genetic background. However, few studies were aimed at disentangling these two sources of variation (e.g., Barthélémy et al. 1999a; Louarn et al. 2007) , partly because of the long time periods needed for the expression of architectural variability in trees. A better knowledge about intraspecific variation in architectural traits may not only improve our understanding of the evolution of plant architecture but also help in setting criteria for the selection of mother trees with wood-production purposes (Neale and Kremer 2011) .
In temperate and cold regions, conifers, and especially Pinus species, comply with the strongly hierarchical architecture suitable for timber production and occupy a large proportion of forested lands (Brockerhoff et al. 2008; FAO 2012) . However, both the negative impacts of pine forestries on both soil properties and biodiversity (Huber et al. 2010; Pijut et al. 2011; Simberloff et al. 2010) , and the likelihood of broad-scale falls in timber production as a consequence of climatic changes (Sykes and Prentice 1996) , have stimulated the diversification of forestries in some countries (e.g., Hardcastle 2006) . Several South American Nothofagus species, among them Nothofagus nervosa (= N. alpina=N. procera, Nothofagaceae), have been regarded as good alternatives to pines, as they combine reasonable yearly height growth, a hierarchical architecture at juvenile stages, and high timber quality (Stewart 1979; Destremau 1988) . The connection between intra-specific architectural variability and the geographical or genetic background of trees has been evaluated for the related species Nothofagus obliqua (Puntieri et al. 2006 (Puntieri et al. , 2007 but not for N. nervosa. In the present study, we investigated withinpopulation architectural variability in 13-year-old N. nervosa trees established in an experimental population.
Materials and methods

Experimental design
In 1997 (a masting year for N. nervosa), N. nervosa seeds derived from open pollination were collected by hand from 27 randomly selected trees within 50 ha of the Tromen Lake area of Lanín National Park, Argentina (39°34′ S, 71°26′ W, altitude 1,110 m). Seedlings were grown in a tree nursery (Vivero de Genética Forestal, INTA Bariloche, Argentina) for 2 years. In 1999, the 2-year-old saplings were planted in an area of approximately 1 ha belonging to INTA (Estación Agroforestal Trevelin, 43°06′ 43″ S, 71°33′ 43″ W, altitude 456 m), about 390 km south of the seed-source trees (Fig. 1) . This area had a dense cover of woody plants, dominated by Diostea juncea, Buddleja globosa, Aristotelia chilensis (native species), and Betula pendula (exotic species) after a fire that occurred in 1987. Vegetation thinning was applied to provide an intermediate level of plant cover and facilitate the establishment of the N. nervosa saplings (Donoso et al. 2006) . N. nervosa saplings were organized in 21 blocks, each integrated by 32 individuals arranged in four east-west-oriented rows and eight north-south-oriented lines. The minimum distance between saplings within each block was 1 m. Blocks were distant about 7 m from each other and organized along five east-west-oriented lines, with a minimum distance between lines of about 10 m. The vegetation surrounding the N. nervosa samplings was cut in 2001 and 2007. Trees derived from seeds collected from the same mother tree will be referred to as a family. Each block of the experimental population was integrated with trees belonging to different families. Not all families were represented in each block, partly because a few trees were available for some of the families from start, and partly because several trees died or were severely damaged during or after the transplant to the experimental area. N. nervosa trees derived from other natural populations of Argentina and grown at the same time and under the same conditions as those of the 27 families from the Tromen Lake area were included in order to complete the blocks and generate a more homogenous environment. In the long term, this design was aimed at providing, after future events of selection and thinning, a population of seed-source trees of known origin and family. All trees, except those with serious damage to the trunk during the transplant, were measured in March 2010. Data were obtained for 276 trees from the 27 families of the Tromen Lake area. 
Measured traits
For each tree in the experiment, the annual growth units conforming the trunk were identified through the scars left by cataphylls and branches on the stem (Barthélémy et al. 1999b; Puntieri and Ghirardi 2010) , and one 4-year-old main branch was selected (Fig. 2) . We selected 4-year-old main branches for two reasons: these branches were at a stage of vigorous growth and were not subjected to severe shading from higher branches of the same tree or from main branches of neighbor trees. In all cases, the selected main branch was among the longest and thickest branches of the tree. Each tree was evaluated at three levels: (1) entire treeheight and basal diameter of the trunk; (2) 4-year growthlength, basal diameter, and number of nodes of the 4-yearold main branch, and length growth of the trunk in the four most recent years; and (3) last-year growth-length, basal diameter, and number of nodes of the most recently extended growth unit of the trunk and the 4-year-old main branch. Trunk diameters were measured with an increment tape, whereas the diameters of the main branch and those of the growth units were measured with digital calipers. Tree heights were measured with a graduated pole. The number of nodes of growth units was obtained by counting the green leaves or the scars left by fallen green leaves on the stem. In this, like in other species of Nothofagus, the number of cataphylls (blade-less leaves at basal nodes) of each growth unit is relatively constant (Barthélémy et al. 1999b ). Since at least some of the trees under survey were meant to be future seed sources, destructive measures were avoided. Ladders were employed to have access to the distal end of the trunk and its branches. For the tallest trees, the proximal end of the most recently extended trunk growth unit could not be reached, so that the basal diameter of this growth unit was missing. In such cases, an estimation of the length of this growth unit was obtained using the graduated pole and binoculars. Other missing values were due to the damage caused to growth units by unknown factors (probably insects) which prevented unmistaken evaluations of the numbers of nodes and the basal diameter of growth units.
Slenderness (stem length/basal diameter) was computed for the entire trunk, the most recent trunk growth unit, and the most recent main-branch growth unit, and internode length (stem length/number of nodes) was computed for the most recent growth unit of both the trunk and the main branch. Previous studies showed the relevance of these ratios for comparing Nothofagus trees of different provenances and progenies (e.g., Puntieri et al. 2007; Puntieri and Ghirardi 2010) .
The hierarchical structure of the trees was evaluated through the following variables. In the first place, the ratios tree height/main-branch length and trunk diameter/main-branch diameter were calculated. Secondly, the angle (δ) formed between the trunk and the 4-year-old main branch was measured at the base of the branch with a board protractor. Since branches are not straight axes, in registering δ we took into account the proximal, lignified portion of the branch, which is less likely to vary its orientation over time (Fig. 2) . Thirdly, for each tree a measure of trunk differentiation (TD) was derived from the following qualitative traits ( Fig. 2) : (a) presence/ absence of trunk forking established more than 1 year before the time of measurement, (b) presence/absence of codominance between the most recent trunk growth unit and one or more of the most-recent branches derived from the trunk, (c) terminal or axillary origin of the most recent trunk growth unit, and (d) presence/absence of sylleptic branches on the most recent trunk growth unit. It was considered that a trunk was forked when one of its branches (excluding those extended in the most recent growing season) developed almost vertically (i.e., forming an angle <25°with the trunk), and had a length greater than two thirds that of the trunk. Similarly, the most recent trunk growth unit and one of the most recent main branches were regarded as codominant when the following two conditions were met: these two axes formed an angle <25°between them, and the length of the main branch was greater than two thirds that of the distal trunk growth unit. A binary code was applied to traits (a) to (d): "0" was assigned to those conditions indicative of low trunk differentiation (trunk forking, distal branches codominant to the trunk, axillary origin of trunk Fig. 2 Diagrammatic representation of a Nothofagus nervosa tree similar to those included in the present study. The limits between successive annual growth units developed on the trunk and on a 4-year-old main branch are marked by thick short lines. The most distal growth unit of the trunk and the 4-year-old main branch are marked with brackets. The angle (δ) formed between the trunk and a 4-year-old main branch is indicated with dotted lines and an arc growth unit, and presence of sylleptic branches) and "1" to those indicative of high trunk differentiation. By simple addition of these code numbers, TD, ranging from 0 (low differentiation) to 4 (high differentiation), was computed for each tree. Thus, a strongly hierarchical tree architecture would be indicated by high values for tree height/main-branch length, trunk diameter/main-branch diameter, δ (i.e., with the main branch deviating from the vertical), and TD.
Statistical analyses
Statistical comparisons among families were carried out for trees belonging to the families of the Tromen Lake area represented in the experiment by at least 10 trees each (12 families and 188 trees). In order to evaluate the degree of variability of each trait among families, analysis of variance (ANOVA, GLM for unbalanced designs) was applied for those variables that were normally distributed (Kolmogorov-Smirnov test) and had variance homogeneity (Levene's test; Sokal and Rohlf 1981) ; some variables were log e -transformed in order to comply with these prerequisites. The same analysis was applied to δ, in spite of its circular nature, because of the relatively narrow range and its normal distribution of δ.
In each ANOVA, family was included as a random factor, as the families included in the experiment constituted a random sample of Argentinean N. nervosa families. The numbers of line (which indicates the east to west position of the tree within each block) and block were included as fixed factors; a preliminary analysis of the data obtained from all trees in the experiment demonstrated a significant correlation between each of these numbers and tree height. The fact that not all families were represented in all blocks and lines prevented us from evaluating interaction terms. The variable TD could not be normalized even after data transformation, so that it was compared among families, blocks, and lines by means of Kruskal-Wallis tests.
The proportion of trees with the maximum possible TD (= 4) was compared among the 12 families represented by 10 or more trees, and among blocks and lines by means of χ 2 tests. Pearson's correlation coefficients between δ and TD and all other traits measured on the trees were computed, including all trees belonging to families of the Tromen Lake area included in the experiment (N=276). Since TD was notably deviated from normality, ranked data were used in all correlations involving this variable (Spearman's rank correlation).
All analyses were performed with the R software (Venables et al. 2012 ). A 5 % significance level was adopted in all comparisons.
Results
Tree size and architecture
The N. nervosa trees had a mean height above 5 m and a mean basal trunk diameter of almost 8 cm (Table 1 ; Fig. 3a, b) . Trunk slenderness was the variable with the lowest CV among those evaluated in this study. In the last 4 years of growth, the trunk of the trees had increased, on average, about 2.7 m in height, whereas the length growth of the main branch developed in the same period was about half that length. The entire 4-year-old main branch was, on average, less than one fourth the length and less than one fifth the diameter of the tree trunk. For the most recent growth unit of both trunk and main branch, stem length was more variable than stem diameter and number of nodes ( Table 1 ). The most recent growth unit developed on the tree trunk was, on average, twice as long and almost twice as thick as the most recent growth unit of the main branch; the difference between trunk and main branch regarding the number of nodes of the most recent growth unit was less notable. Mean slenderness was higher for trunk than for main-branch growth units, despite a notable degree of overlapping between both axes. Trunk growth units had longer internodes than main-branch growth units (Table 1) .
Main branches deviated in an angle (δ) between 20°and 90°from the vertical trunk in all trees but one (with the branch at 125°). In some cases, this branch was growing codominantly with the trunk (δ<25°). The angle δ correlated positively with the ratios between tree height and mainbranch length, and between trunk diameter and mainbranch diameter ratio, trunk slenderness, and with the length of the trunk in the four most recent years. δ correlated negatively with the diameter and length of the entire 4-year-old main branch and with the diameter and number of nodes of the most recent main-branch growth unit (Table 2) .
TD varied between 2 and 4 for the large majority of trees (90.4 %), and almost half of the trees (45.9 %) reached the highest possible score (TD=4; Fig. 4 ). TD correlated positively with the ratios tree height/main-branch length and trunk diameter/main-branch diameter, the number of nodes of the most recent trunk growth unit, the ratio between trunk height growth in the last 4 years and tree height, and trunk height growth in the last 4 years. TD correlated negatively with slenderness, internode length, and stem length of the most recent main-branch growth unit, and with the length of the entire main branch.
Comparisons among families, blocks, and lines
The family affected significantly the variability in tree height and trunk diameter, the ratio between trunk height growth in the four most recent years and tree height, and the number of nodes of the most recent trunk growth unit (Table 3 ; Fig. 3 ). The families with the longest and thickest trunks were not those with the highest trunk growth in recent years (Fig. 3) . The block affected significantly all variables but main-branch length, and the length, slenderness, and internode length of the most recent trunk growth unit (Table 3 ). The line within the block where a tree was planted affected significantly the variables tree height, trunk slenderness, the length and diameter of the entire main branch and of the most-recent main-branch growth unit, and the ratio between tree height and main-branch length.
The proportion of trees with the highest possible TD (= 4) did not differ among families (χ 2 =4.8, p>0.1) or lines (χ 2 = 3.8, p>0.1), but varied significantly among blocks (χ 2 =38.8, p<0.01). In 10 out of 21 blocks, a TD=4 was found in at least half of the trees belonging to the families represented by 10 or more trees.
Discussion
Nothofagus trees for timber production
For more than one century, South American Nothofagus species, and N. nervosa in particular, have been regarded as good alternatives to pines for timber production in temperate regions (Murray et al. 1986 ). The present study complies with this view. The 13-year-old trees studied here had maintained, at least during the last four growth seasons surveyed, yearly height increments of more than 0.7 m, which is consistent with their juvenile-adult developmental stage (Salas and García 2006; Stecconi et al. 2010) , and comparable with the height Table 2 Pearson's correlation coefficients (R) and their significance levels (p) for the relationships between the angle formed between the trunk and the 4-year-old main branch (δ) and the measure of trunk differentiation (TD) and other morpho-architectural traits assessed in this study for 276 Nothofagus nervosa trees of the Tromen Lake area of Argentina *p<0.05, **p<0.01, ***p<0.001, ns: p>0.05.
In the case of TD, Spearman's correlations on ranked data were computed as TD deviated from normality growth of temperate pines at the same stage (Kozlowski 1964) . Coarse observations of Nothofagus trees growing in their native forests may suggest that some traits undesirable for timber production such as feeble trunk differentiation, sympodial branching, persistent trunk forking, and sylleptic branching (i.e., low trunk differentiation) are highly frequent (see Barthélémy et al. 1999b ). However, none of these features seems to be prevalent, and their combined occurrence appears to be highly unlikely in young N. nervosa trees of the Tromen Lake provenance of Argentina. The other South American Nothofagus species valued for timber production, Nothofagus pumilio (e.g., Martínez Pastur et al. 2007 ) and N. obliqua (e.g., Salas and García 2006) , may reach yearly increments in height and diameter comparable with those recorded here for N. nervosa (Salas and García 2006; Puntieri et al. 2007; Stecconi et al. 2010 ), but none of them combines a clear differentiation of the trunk from its main branches with the low occurrence of sylleptic branches. The present results, though limited due to the local scale of the experimental population, are encouraging, taking into account that no phenotypical selection of N. nervosa trees was performed at the stages of seed collection or experimental setup. Besides, a successful population establishment was achieved at a site cooler and drier than those inhabited naturally by N. nervosa (Conti 1998) .
Effects of environmental factors on the architecture of N. nervosa trees
In the present study, and despite the relatively low surface occupied by this experiment (1 ha), the block where a tree was planted had, unexpectedly, a larger influence than the family on all traits that were analyzed. Moreover, the block had a significant effect (p<0.05) on recent trunk and main-branch growth as well as on the hierarchical structure of trees, whereas the family had no or little effect on these variables. The position of each tree along the east-west gradient within a block also affected some tree traits. In general terms, trees located toward the eastern end of the experimental area and toward the eastern end of each block tended to be shorter (up to 1 m on average) than those at the western end of either the experimental area or the block. Gradients in soil structure and/or incident light could have been involved in these differences (see Amer 2003; Mäkinen and Hein 2006) . Since the size of the most recent trunk growth unit was not affected by tree position in the block, it may be hypothesized that variability in tree height was more influenced by conditions at the time of establishment and tended to stabilize or decrease within each block as trees got older.
4.3 The architecture of N. nervosa and its genetic variability Intra-specific variability must be regarded as a resource upon which artificial selection may be applied in an early step towards domestication (Leakey and Tchoundjeu 2001; Gallo et al. 2006) . So far, studies aimed at evaluating intra-specific variability in the structure of Nothofagus trees and their adequacy to different climatic conditions have accounted for provenance (Deans et al. 1992; Puntieri et al. 2006 ) rather than family effects (but see Puntieri et al. 2007 ). The main objective of the present study was to assess the extent of structural variability among young N. nervosa trees derived from trees of a single natural population, with the focus on morpho-architectural traits regarded as relevant in forestry situations. One of the main outcomes of the present study is that the selection of a particular N. nervosa tree as seed source (family effect in this study) may influence the height and trunk diameter of the trees derived from these seeds. Both traits are easily measurable and useful when evaluating the suitability of trees for timber production. A significant difference among families was also found concerning the relative height increment in the last 4 years. This may indicate that trees of different genetic origin within a population could have different rates of decrease in trunk vigor with age, suggesting that this variable would not affect individual fitness at the population level. An alternative explanation could be that the factors that determine geographical isolation of tree populations in north-western Patagonia-i.e., volcanic events and glaciers (e.g., see Marchelli and Gallo 2006; Millerón et al. 2008; Pastorino et al. 2009 )-would not necessarily imply genetic isolation, perhaps due to long-distance pollen dispersal by wind. A general survey on morphological and architectural traits of Nothofagus trees from South America concluded that these species have architectural resemblances with Fagus species, which belong to the related Fagaceae family (Barthélémy et al. 1999b ). According to Hallé et al. (1978) , Fagus species fit Troll's architectural model, in which the trunk is constructed through a succession of plagiotropic axes that approach verticality during secondary growth. Many species that follow this model have the tendency to develop, from early growth stages, an umbrella-like crown (Hallé et al. 1978) . Among South American Nothofagus species, N. pumilio is the one that most closely matches this umbrella-like expression of Troll's model (Stecconi et al. 2010) . N. nervosa, on the contrary, develops a predominantly vertical and monopodial trunk with tiered branches from very early growth stages, and thus may be approximated to Massart's or Rauh's model, depending on whether main branches are considered, respectively, plagiotropic or orthotropic axes. In these two models, trunk and main branches may be clearly differentiated, as in the case of many conifers as well as in Quercus spp. (also in the related Fagaceae family; Hallé et al. 1978) . In the present study, the angle formed between trunk and main branches in N. nervosa trees varied widely and was found to be related to tree architecture: trees with wider-angled (more horizontal) main branches had developed a longer trunk segment in the four most recent years and a more slender trunk than trees with narrower-angled (more vertical) main branches. In N. nervosa, main branches arise at the distal end of trunk growth units and initiate their development as slanted to almost vertical codominant axes (Barthélémy et al. 1999b ). The results obtained here suggest that the persistence over several years of main branches in a position codominant to the trunk would favor their own growth and reduce trunk height growth. Depending on whether main branches follow, as they grow, a narrow angle with the trunk or approach horizontality, N. nervosa trees could be included in Rauh's or Massart's models. It is interesting to notice that this architectural variability may be expressed within a population of trees.
Concluding remarks
When assessing architectural traits at the juvenile-adult growth stage, N. nervosa appears to be more suitable than other South American Nothofagus species and a good option to pine trees for timber production in temperate regions. Even before any kind of phenotypic or genotypic selection is applied, the architecture of N. nervosa trees is adequate for timber production and those traits that may be considered detrimental (such as early trunk forking) could be treated with ease. Trunk height and diameter would depend somehow on the genetic background of N. nervosa trees, which provides some space for artificial selection. Environmental factors, however, seem to play a key role in defining the size of the major axes and the hierarchical structure of young N. nervosa trees.
